Self-reported olfactory function has poor sensitivity (i.e., people with measured olfactory dysfunction are unlikely to accurately report it). We aimed to identify factors associated with lack of awareness of smell dysfunction. Objective odor identification was evaluated using a validated 5-item test in respondents from the National Social Life, Health, and Aging Project, a representative sample of home-dwelling, US adults ages 57-85 (n = 1468). Self-reported olfaction was assessed with a 5-point Likert scale. Using multivariate logistic regression, we tested factors that might influence inaccuracy of self-reported olfaction, including age, gender, race/ethnicity, education, marital status, cognition, comorbidity, smoking, depression, anxiety, self-rated mental and physical health, and social activity. Among older US adults, 12.4% reported their sense of smell as fair or poor, while 22.0% had objective olfactory dysfunction (≤3 items correct out of 5). Among those with measured olfactory dysfunction, 74.2% did not recognize it; these individuals were more likely to be older, Black, never married, and to have worse cognitive function compared to individuals who recognized their dysfunction (P < 0.05, all). Individuals who lacked awareness of their olfactory dysfunction had the greatest cognitive impairment at 5-year follow-up, followed by individuals aware of their dysfunction and finally normosmics (P < 0.001). Older Americans with measured olfactory dysfunction are unlikely to report it, and those who lack awareness of this dysfunction have distinct demographic, social, and cognitive characteristics. Therefore, clinicians should objectively test patients. Individuals who lack awareness of their olfactory dysfunction have poor cognitive outcomes and should receive additional clinical scrutiny.
Introduction
Approximately 15 million older Americans suffer from age-related olfactory dysfunction, yet many people do not recognize their smell deficits (NAMCS 1979; NIDCD 2010) . While studies have consistently shown that many individuals with measured olfactory dysfunction do not report it, disagreement exists on the sensitivity of self-reported olfactory dysfunction, with estimates ranging from lower than 20% to higher than 60% (Nordin et al. 1995; Murphy et al. 2002; Wehling et al. 2011; Rawal et al. 2014; Hoffman et al. 2016) . Possible explanations for this discrepancy are that the way the question about olfaction is phrased , whether self-report precedes or follows olfactory measurement (Landis et al. 2003) , and the number of questions used to ascertain olfactory function may influence responses and thus accuracy . Lack of awareness of smell dysfunction may be even more pronounced in older adults due to the gradual nature of the decline and also due to the overall agerelated decline in cognition which may affect self-perception (Murphy et al. 2002) . Many studies have confirmed that olfactory function declines with age, yet the frequency of self-reported olfactory dysfunction is similar across various age groups (Ship et al. 1996; Murphy et al. 2002; Shu et al. 2009; Pinto et al. 2014; Hoffman et al. 2016) . Indeed, older and younger adults may show similar overall accuracy in their self-reported olfactory abilities, but younger adults tend to underestimate their olfactory function while older adults overestimate their sense of smell (White and Kurtz 2003) .
This sensory deficit has important implications for safety, nutrition, quality of life, and social relationships, and thus it may be important for patients to recognize smell loss (Mattes et al. 1990; Schiffman et al. 1995; Miwa et al. 2001; Jacob et al. 2002; Santos et al. 2004; Neuland et al. 2011) . Furthermore, olfactory dysfunction presages neurodegenerative diseases, including Alzheimer's Disease and Parkinson's Disease (Doty et al. 1987; Serby et al. 1991; Schiffman 1997; Mesholam et al. 1998; Kovacs 2004; Ponsen et al. 2004; Tabert et al. 2005; Wilson et al. 2007; Doty 2012; Casjens et al. 2013) . The majority of studies on olfaction and cognition focus on measured smell dysfunction; however, self-report of poor olfactory function may also signal cognition problems. Indeed, individuals who are not aware of their olfactory dysfunction may have a worse cognitive trajectory than those who recognize this problem, an area that has received little study. In support of this idea, healthy adults who were not aware of smell dysfunction were found to perform worse on neurocognitive tests than those who were aware of it (Wehling et al. 2011) . A second study found that among patients with mild cognitive impairment, lack of awareness of olfactory deficits predicted the time to development of Alzheimer's Disease (Devanand et al. 2000 ).
There were 3 major aims of the current research. First, to determine the sensitivity, specificity, positive predictive value, and negative predictive value of self-reported olfaction in a representative sample of home-dwelling older US adults. Second, to investigate the risk factors for errors in self-reported olfaction. Third, to understand the value of self-reported olfaction in predicting future health outcomes. To address these aims, we used data from the National Social Life, Health, and Aging Project (NSHAP), a nationally representative probability sample of home-dwelling older US adults (Suzman 2009; Hayward and Wallace 2014) .
Materials and methods

Study population
We examined 1468 NSHAP respondents who had complete olfactory testing and self-reported olfactory function information.
These respondents were interviewed in the first wave of NSHAP in 2005-2006 by professional interviewers (NORC at the University of Chicago); by design, this cohort constitutes a representative probability sample of the US home-dwelling population ages 57-85 (O'Muircheartaigh et al. 2009; O'Muircheartaigh et al. 2014 ). Respondents were re-interviewed 5 years later in 2010-2011 as part of the second wave of NSHAP.
Both interviews included assessment of demographic, social, psychological, and biological measures, including olfaction. Olfactory, demographic, and health characteristics of the population are presented in Table 1 . Further details regarding the design, data collection, and baseline characteristics of NSHAP respondents are available elsewhere (Suzman 2009 ). This study was approved by the Institutional Review Boards of the University of Chicago and NORC; all respondents provided written, informed consent.
Self-reported olfactory function
Respondents answered the question "How is your sense of smell?" Answer choices "excellent," "very good," and "good" were classified as intact olfaction; "fair" and "poor" were considered impaired olfactory function. Three respondents answered "don't know" and were excluded from the analyses. Importantly, self-reported olfaction was assessed prior to measurement of olfactory function, an order that has been found to decrease bias in prior studies (Landis et al. 2003) .
Objective olfactory function
Olfactory function was assessed with the odor identification portion of the Olfactory Function Field Exam, a validated test (Mueller and Renner 2006; Schumm et al. 2009; Boesveldt et al. 2011; Kern et al. 2014) . Respondents were asked to identify each odor presented by Sniffin' Stick odor pens by choosing from a set of 4 picture/word prompts in a forced choice protocol; refusals were coded as incorrect. Respondents who identified 4-5 odors correctly were classified as normosmic, whereas respondents who identified 3 or fewer odors correctly were classified as having some form of olfactory dysfunction. This cut-off of 3 out of 5 odors correctly identified 22.0% of older US adults as having olfactory dysfunction, which aligns with other estimates of olfactory dysfunction in older adults using a variety of validated odor identification tests, including Murphy et al. (2002; 24 .5%), Hoffman et al. (2016; 30%) , and Rawal et al. (2014; 21.5%) . Further, this cut-off of ≤3 odors correctly identified has been internally validated against the 16-item Sniffin' Sticks Identification Test and externally validated against the 12-item Brief Smell Identification Test (Doty et al. 1996; Mueller and Renner 2006) . Of note, 35 respondents did not complete olfactory testing and were excluded from the analyses. Odor pens were purchased from Burghart Messtechnik (Wedel, Germany) and stored and utilized according to the manufacturer's instructions.
Potential confounding variables
Our analyses controlled for numerous potential confounders, including demographic, health, and social characteristics. Demographic variables included in the analyses were: age, gender, race/ethnicity, education, and marital status. Age and gender have long been associated with olfactory function (Ship et al. 1996; Murphy et al. 2002; Brämerson et al. 2004; Schubert et al. 2009 ). Race, an established olfactory risk factor Hoffman et al. 2016) , and Hispanic ethnicity were measured via self-report according to standard NIH questions, and respondents were classified as White, Black, or Hispanic (those who reported their race as "Black/African American" and answered "Yes" to Hispanic ethnicity were classified as Black). Those reporting their race as "American Indian or Alaskan Native," "Asian," or "Other" were combined into a single other category. Socioeconomic status was measured by education level (highest degree or certification earned) and net household assets. We present models using only education because both measures yielded similar results. Marital status (married, living with a partner, separated, divorced, widowed, or never married) was included as a potential confounder because studies have found a relationship between marital status and self-reported health, and the accuracy of self-reported health may be higher for those who are married (Zheng and Thomas 2013; Abu-Saad et al. 2014; Knopfli et al. 2016) .
Health parameters included in the analyses were smoking status, cognitive function, comorbidity, depression, anxiety, and self-reported physical and mental health. Current smoking was based on either self-report or salivary cotinine level ≥15 ng/mL (Drum et al. 2009 ). Olfaction and cognition are intricately related, with olfactory deficits presaging neurodegenerative diseases including Alzheimer's disease (Devanand et al. 2015) . Further, we have shown that olfaction is associated with cognition within the normal cognitive range (Schumm et al. 2013) . Cognitive function was measured with a modified version of the Short Portable Mental Status Questionnaire (SPMSQ, scores from 0 to 10) (Pfeiffer 1975) . Comorbid diseases were measured with the Charlson Index modified for NSHAP (Katz et al. 1996) . Depression was measured using the validated NSHAP Depressive Symptoms Measure (NDSM), derived from the short form of the Center for Epidemiologic Studies Depression Scale (Radloff 1977; Payne et al. 2014) . Depressed patients are more likely to have olfactory dysfunction, and anosmic patients are more likely to exhibit depressive symptoms (Pause et al. 2001; Croy et al. 2012 Croy et al. , 2014 . Though less well-established than the relationship with depression, olfaction and anxiety may be associated (Takahashi et al. 2015) ; anxiety was measured with the NSHAP Anxiety Symptoms Measure (NASM), derived from the Hospital Anxiety and Depression Scale's Anxiety Subscale (La Buissonnière-Ariza et al. 2013; Payne et al. 2014 ). Finally, selfreported physical and mental health were included as potential confounders in order to account for possible individual bias towards optimistic or pessimistic self-report of all health variables.
Studies consistently show that social environment can impact health (House et al. 1988; Kawachi 1999) . We postulated that individuals with a stronger social system might be more accurate in their self-report of health problems if others notify them of problems. Further, a weaker social system might be a symptom of broader health problems. Social characteristics included in the analyses were frequency of socializing, familial ties, and ties of friendship. These 3 variables were developed by factor analysis incorporating many measures of social connectedness, social support, and social network (McCartin et al. 2016) . Information on the rich array of social variables collected by NSHAP is available elsewhere Cornwell and Waite 2009) .
Cognitive outcomes at 5-year follow-up (NSHAP wave 2)
At 5-year follow-up, cognition was assessed using the surveyadapted Montreal Cognitive Assessment (MoCA-SA; Nasreddine et al. 2005; Shega et al. 2014; Kotwal et al. 2015; Kotwal et al. 2016) . Respondents were divided into 3 categories based on cutpoints from community samples (Kotwal et al. 2016 ): 23-30 points ("normal"), 18-22 points ("mild cognitive impairment"), and <18 ("dementia"). Because some respondents were deceased at followup or too sick to interview and could not complete the MoCA-SA, we also performed categorical analysis of new cases of dementia. All Estimates were weighted using the sampling weights distributed with the National Social life, Health, and Aging Project dataset to yield population estimates. respondents, as well as the proxies of respondents too sick to interview or deceased, were asked whether the respondent had dementia or Alzheimer's Disease. Sixty-four respondents were classified as having a new dementia or Alzheimer's Disease diagnosis at 5-year follow-up based on either self-report (n = 23) or report by proxy (n = 41). Of note, 15 respondents who had reported a diagnosis of dementia or Alzheimer's Disease in the original Wave 1 interview were excluded from analysis of the new onset of dementia.
Statistical analysis
NSHAP used a national probability sample of home-dwelling US adults born between 1920 and 1947. The response rates were considered excellent for surveys of this type: 75.5% in Wave 1 and 74% in Wave 2 (the Wave 2 conditional response rate among those interviewed in Wave 1 was 89%). NSHAP oversampled African Americans and Hispanics, as well as males and older individuals, so as to obtain roughly equal numbers of sampled individuals in each of 6 gender by age categories (O'Muircheartaigh et al. 2009; O'Muircheartaigh et al. 2014) . Respondent-level weights were calculated to account for these differential probabilities of selection, as well as differential non-response according to age and race/ethnicity. This permits estimation of parameters for the US population of older, home-dwelling adults. Design-based standard errors were calculated using the linearization method together with the strata and Primary Sampling Unit indicators provided with the dataset. All statistical analyses were conducted using Stata Version 14.0 (StataCorp 2015).
Respondents were categorized into 4 types based on the logical combinations of their self-reported olfactory function (impaired vs. intact) and their objective olfactory testing (dysfunctional vs. normosmic; see Figure 1 For some analyses of objectively measured normosmia, the FP and TN were combined into a single group (normosmic, N). Sensitivity, specificity, positive predictive value, and negative predictive value were calculated using standard formulas. Four separate multivariate logistic regressions were used to estimate differences between types of respondents (FN vs. TP, FP vs. TN, FP vs. TP, FN vs. TN) and the covariates described above. Statistical significance was set at P < 0.05 for all analyses. To understand the value of self-reported olfaction in individuals with measured dysfunction in predicting future health outcomes, multivariate regression was used to examine whether response category in Wave 1 (FN, TP, or N) was associated with cognition (MoCA-SA, linear) or a new dementia diagnosis (logistic) in Wave 2. Statistical significance was determined by using a one degree of freedom trend test.
Results
Prevalence of errors in self-reported olfaction
Among older adults in the United States, only 12.4% reported their sense of smell as fair or poor, while 22.0% of had measured olfactory dysfunction (Figure 1) . Nearly one-quarter of respondents were inaccurate in their self-assessment of olfactory ability: 16.3% of the population had olfactory dysfunction yet did not recognize it (i.e., FN), while 6.7% self-reported impaired olfaction yet tested within the normal olfactory range (i.e., FP). The remainder of the population was accurate in their self-report: 71.3% tested normosmic and self-reported intact olfaction (i.e., TN), while 5.7% had measured dysfunction and self-reported an impaired sense of smell (i.e., TP).
Sensitivity, specificity, and associated risk factors
The sensitivity of self-reported olfaction was low: only ~one-fourth (25.8%) of older adults with olfactory dysfunction recognized their impairment, consistent with the findings of previous studies (Nordin et al. 1995; Murphy et al. 2002; Wehling et al. 2011; Rawal et al. 2014) . Individuals who were unaware of their dysfunction (i.e., FN) were more likely to be older, Black, never married, and to have worse cognitive function compared to those who were aware (i.e., TP; Table 2 , Model A; P < 0.05, all), controlling for age, gender, race/ethnicity, education, marital status, smoking status, cognitive function, comorbidity, depression, anxiety, self-reported physical and mental health, and measures of social function (hereafter referred to as "all covariates"). The magnitude of the Black versus White difference was equivalent to the impact of a 3-point decrease in the cognition score (on a 0-10 scale). The effect of never being married (vs. married) was roughly equal to a 4-5-point decrease in the cognition score.
The specificity of self-reported olfaction was high: 91.4% of measured normosmics accurately self-reported their olfactory ability. Among normosmic individuals, those who self-reported an impaired sense of smell (i.e., FP) were more likely to report poor or fair mental health and were less likely to have strong familial or friendship ties in their social network compared to those who self-reported an intact sense of smell (i.e., TN; Table 2 , Model B; P < 0.05, all), controlling for all covariates.
Positive predictive value, negative predictive value, and associated risk factors
The positive predictive value of self-reported olfaction was low: less than half (45.8%) of older adults with self-reported impaired olfaction were dysfunctional when objectively tested. Among individuals with self-reported impaired olfaction, objective normosmics (i.e., FP) were more likely to be younger than individuals with measured olfactory dysfunction (i.e., TP; Table 2 , Model C; P < 0.05), controlling for all covariates.
The negative predictive value of self-reported olfaction was moderately high: 81.4% of older adults with self-reported intact olfaction were normosmic when tested. Among individuals with self-reported intact olfaction, individuals with measured olfactory dysfunction (i.e., FN) were more likely to be older, Black, more anxious, socialize less frequently, and to have worse cognitive function compared to objective normosmics (i.e., TN; Table 2 , Model D; P < 0.05, all), controlling for all covariates. By contrast, those who did not recognize their dysfunction (FN) were less depressed than those without dysfunction (TN; P < 0.05). Of note, the magnitude of the Black versus White difference was equivalent to the impact of a ~3-point decrease in the cognition score.
Predictive value of self-reported olfaction
Older adults who were unaware of their olfactory dysfunction (i.e., FN) had the worst cognitive function scores at 5-year follow-up, followed by individuals who were aware of their dysfunction (i.e., TP) and finally normosmics (i.e., N; P < 0.001), controlling for all covariates at baseline including cognition (Figure 2 ). At 5-year follow-up, this model estimated a mean cognitive (MoCA-SA) score of 17.3 out of 30 for those unaware of olfactory dysfunction (FN), 18.2 for those who were aware (TP), and 20.0 for normosmics. Based on MoCA categories derived from community samples (Kotwal et al. 2016) , the mean FN score was in the dementia range, whereas the mean TP and N scores were in the mild cognitive impairment range. Furthermore, in order to capture the cognitive outcomes of respondents who were too sick to interview or deceased at follow-up, we included proxy interviews to analyze whether there were differences in the proportion of new dementia diagnoses among the groups. We found that FN had the highest estimated proportion of new dementia cases after 5 years (8.5%), followed by TP (6.0%) and finally N (1.7%; P < 0.001), controlling for all covariates (Figure 3 ).
Discussion
We confirm for the first time in a nationally representative sample of older US adults that the sensitivity of self-reported impaired olfaction for detecting objective dysfunction is low. Only approximately one-fourth of those with measured dysfunction accurately reported their sense of smell as fair or poor. This finding corroborates the results of prior studies (Nordin et al. 1995; Murphy et al. 2002; Wehling et al. 2011; Rawal et al. 2014; Hoffman et al. 2016) .
We extend these studies to identify the factors associated with lack of awareness of olfactory dysfunction. Older adults who were not aware of their olfactory dysfunction had distinct demographic, social, and cognitive profiles: they were more likely to be older, Black, never married, and to have worse cognitive function than older adults who were aware of their olfactory dysfunction.
Why might it be that these groups are less aware of their olfactory deficit? First, lack of awareness represents cognitive dysfunction itself. Further, older adults and Blacks may be less likely to accurately self-report their olfactory dysfunction because they are not as accurate in self-reported health in general as are younger adults and Whites (Lee et al. 2007; Dowd and Zajacova 2007; Zajacova and Woo 2016; Woo and Zajacova 2016) . Finally, the lack of awareness of older adults who never married may reflect their lack of external feedback that is provided by a partner. Future studies to understand the relationship between these characteristics and poor self-awareness of olfactory function are needed. Clinicians should strongly consider olfactory testing, particularly in these high-risk patients.
We found that older adults who lacked awareness of olfactory dysfunction were more likely to have worse cognitive function and a new dementia diagnosis 5 years later, consistent with prior smallscale studies (Devanand et al. 2000; Wehling et al. 2011) . The finding that lack of awareness may portend a poor prognosis for the development of dementia may represent a general phenomenon that encompasses both sensory function and physical performance. Indeed, our findings are consistent with studies that show that early lack of awareness of functional deficits is predictive of the development of Alzheimer's Disease (Tabert et al. 2002) .
In general, self-reported health is useful in independently predicting health outcomes, including mortality (Idler and Benyamini 1997), 
Covariates
Odds ratio (95% confidence interval) P value Table 2 . Continued new morbidity (Ferraro et al. 1997) , and functional ability (Idler and Kasl 1995) . For olfaction, this does not hold, and the predictive value of self-reported olfaction may be even worse for some individuals, as we show here. One explanation for the difference between general and olfactory-specific self-reported health is that olfactory dysfunction is closely tied to cognitive loss. Thus, individuals with olfactory dysfunction are likely to be less accurate in their self-reported health status than the general population. Indeed, other studies of olfactory sensitivity support this concept (Krajnik et al. 2015) . There are many ways to ask patients about their sense of smell (Rawal et al. 2014; Wehling et al. 2014) . We asked respondents "How is your sense of smell?" This one question mirrors the practice of many physicians who typically ascertain patients' olfactory function in this fashion, if at all. A prior study found that asking individuals to compare their current olfactory ability to their ability at a younger age resulted in more accurate self-reported dysfunction (sensitivity = 37%) than asking individuals to compare their ability to smell to others of the same age (sensitivity = 11%; Wehling et al. 2014) . Another study found that adding a question on perceived loss of smell over time yielded a higher sensitivity (65%) than questioning patients on how their sense of smell is currently (sensitivity = 36%; Rawal et al. 2014) . Thus, measures to anchor self-reported smell assessment may improve accuracy. We note, however, that sensitivity remained relatively poor in these studies despite these anchors. Additionally, individuals with more severe olfactory dysfunction or who experienced a more sudden decline in olfactory function may be more accurate in their selfreported olfactory ability (Wehling et al. 2015; Schöpf and Kollndorfer 2015; Hoffman et al. 2016) . Future studies are needed to understand how these factors contribute to the accuracy of self-reported olfaction.
We used a cut-off of 3 out of 5 on the odor identification test to objectively define olfactory dysfunction (Mueller and Renner 2006; Schumm et al. 2009; Boesveldt et al. 2011; Kern et al. 2014 ). This cut-off has been internally and externally validated (Doty et al. 1996; Mueller and Renner 2006) . Using this cut-off, we found that 22.0% of older adults had olfactory dysfunction, a percentage that aligns with other population estimates of olfactory dysfunction in older adults using a variety of validated odor identification tests (Murphy et al. 2002; Rawal et al. 2014; Hoffman et al. 2016) . We acknowledge that in brief odor identification tests, a small change in the chosen cut-off may result in a large change in the prevalence estimate of olfactory dysfunction. Further, we note that olfactory function declines with age and differs by gender; evaluating the sensitivity and specificity of self-reported olfactory dysfunction within age and gender subgroups was beyond the scope of this manuscript.
In conclusion, olfactory function has implications for health, cognition, and quality of life. The majority of older adults with objective dysfunction will not be identified by self-report. Indeed, such individuals who are unable to report their olfactory dysfunction are at the greatest risk of poor cognitive outcomes. Thus, we recommend that clinicians objectively measure olfactory function in older adults, particularly for those at high risk for inaccurate self-report. Identifying both individuals who are aware of their poor function and the many individuals who are not aware of it would allow us to target those at highest risk for cognitive decline earlier.
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